YbAl 3 is an intermediate valence (IV) compound with a large Kondo temperature scale T K ~ 670K for the crossover from local moment behavior to nonmagnetic behavior. Above 30-50K, the behavior is that of uncorrelated Kondo impurities and can be understood qualitatively in terms of the Anderson impurity model (AIM). Below a coherence temperature T coh ~ 30-50K the d.c. and optical conductivity indicate that the system enters a Fermi liquid (FL) ground state in which the effective masses (as determined by dHvA) are large (m* ~ 15-25m e ). Anomalies in the susceptibility, specific heat, magnetotransport and spin fluctuation spectra occur for T < T coh . The dHvA masses and the susceptibility anomaly are suppressed by application of a magnetic field H > 40T ~ k B T coh /µ B . . In addition, the crossover from the nonmagnetic to the local moment regime is slower than predicted by the AIM. We discuss these results in terms of the Anderson lattice model, with consideration given to the role of low electron density.
It is known from studies of single crystals of YbInCu 4 (Lawrence, Shapiro et al, PRB55 (1997) 14467) that the spin fluctuations in IV compounds show very little Q-dependence and the magnetic scattering exhibits a Lorentzian power spectrum.
4f form factor Q-independent, broad Lorentzian response ⇒ Primary excitation is a local, highly damped spin fluctuation (oscillation) at characteristic energy E 0 = k B T 0
At high temperature the scattering becomes quasielastic (dashed line):
Crossover to "relaxational spin dynamics"
For YbAl 3 the parameters of the low temperature Lorentzian are: E 0 = 40meV and Γ = 25meV (Solid line)
Anderson Impurity Model (AIM)
Although intended for dilute alloys, (e.g. La 1-x Ce x ) because the spin fluctuations are local, the AIM describes much of the physics of periodic IV compounds. It includes the basic physics of:
Highly localized 4f orbital at energy E f Hybridization with conduction electrons with strength V Strong on-site Coulomb interaction U preventing other 4f occupancies ⇓ CROSSOVER at Characteristic temperature T K ⇓
Low temperature limit: Fermi Liquid
Nonintegral valence (n f < 1) Yb 4f 14-n f (5d6s) 2+n f Pauli paramagnet: Wilson ratio:
The AIM predicts that the normalized ratio of susceptibility to specific heat should be (π 2 R/3C J )χ(0)/γ ≅ 1 + (1/2J) = 8/7 = 1.14 The experiment gives 1.3-1.4.
Neutron scattering:
For the low-T Lorentzian power function, experiment gives E 0 = 40meV and Γ = 25meV while the AIM calculation gives E 0 = 40meV and Γ = 22meV
The experiment also exhibits a crossover to quasielastic behavior that is expected in the AIM
Comparison to AIM (continued)
Overall agreement:
The AIM, with parameters chosen to fit χ(0) and n f (0) does an excellent job of fitting the neutron spectral parameters and fits the specific heat coefficient to within 20%. It predicts the temperatures T max of the maxima in susceptibility and specific heat to within 20%. But the AIM predictions evolve more slowly with temperature than the data and there are low temperature anomalies.
TRANSPORT BEHAVIOR OF IV COMPOUNDS
The AIM predicts a finite resistivity at T = 0 due to unitary scattering from the 4f impurity.
In an IV compound, where the 4f atoms form a periodic array, the resistivity must vanish.
This is a sign of Fermi Liquid "coherence" among the spin fluctuations. In YbAl 3 the T 2 behavior of the resistivity is observed below 30K. 
Two energy scales and slow crossover in the Anderson Lattice
While the transport behavior and the Fermi surface (dHvA) are affected by Fermi liquid coherence, we have seen that experimental quantities such as the specific heat, susceptibility, valence and spin dynamics are qualitatively in good accord with the predictions of the AIM over a broad range of temperature. This reflects highly localized spin/valence fluctuations Nevertheless, recent theory for the Anderson Lattice suggests that the behavior of these quantities can differ in two ways from the predictions of the AIM: 1) Non-universal low temperature scale for coherence Low temperature anomalies Antoine Georges et al, PRL 85 (2000) 1048
2) Slow crossover from Fermi Liquid to Local Moment
Mark Jarrell et al PRB55 (1997) R3332 Theory predicts that these differences become magnified when the conduction electron density is low. χ(emu/mol)
Low temperature anomalies in YbAl 3
Above 40K the susceptibility and specific heat correspond qualitatively to the predictions of the AIM. Below 30-50K, anomalies are observed.
Cornelius et al PRL 88 (2002) 117201
No form factor anomaly:
The neutron form factor measures the spatial distribution of magnetization around the Yb site. At most temperatures the form factor has the same Q (or r) dependence f 2 (4f;Q) as the 4f radial function. In CePd 3 and CeSn 3 at low T a more diffuse 5d component f 2 (5d;Q) occurs: f 2 (Q) = a 2 f 2 (4f) + (1-a 2 ) f 2 (5d) This 5d contribution gives rise to an anomaly in the low temperature susceptibility similar to that of YbAl 3 .
However, in YbAl 3 , there is no form factor anomaly --the magnetization density is that of the 4f orbital at all temperatures (solid lines). New peak in low temperature spin dynamics At low T, there is an additional narrow peak with E 0 = 30meV and Γ = 5meV This peak vanishes above 50K, and hence appears to be a property of the fully coherent ground state. 
Magnetotransport anomalies
Anomalies in the Hall coefficient and magnetoresistance are observed in this same temperature range.
Since R H ~ 1/ne this suggests a change in carrier density. The onset of coherent Fermi liquid behavior appears to involve a change in the Fermi surface. Cornelius et al PRL 88 (2002) 117201 We have seen that for most temperatures and energies the magnetic neutron scattering in YbAl 3 follows the predictions of the AIM, with a Lorentzian power spectrum with E 0 = 40meV and Γ = 25meV
